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CLOUD PHYSICS AND NUCLEATION THEORY: REVISIONS INDICATED
BY NEW MEASUREMENTS OF THE ELECTRICAL CONDUCTIVITY

OF EVAPORATION-HUMIDIFIED AIR

1. INTRODUCTION

The theory of hydrogen bonding between water molecules was unknown to Aitken,
Thomson, and other classical physicists when they formulated the basic theories from which modern
cloud physics theory has evolved. 1 They assumed that liquid water evaporates into single molecules
(monomers) as is the case with many unassociated liquids, that is, liquids that are not intermolecularly

V bonded. When C. T. R. Wilson published his landmark research on cloud chamber design and experi-

mental results2 .3 in the late 1890's, this crucial bit of information - the hydrogen bonding of water
still was missing. Thus Wilson, too, assumed that the explanation of his observations must lie in
classical kinetic theory. Following this reasoning, the nucleation of cloud droplets in adiabatic
expansion cloud chambers could only result from the collision and momentary association ("sticking")
of individual monomers, with the "clusters" formed by this process repeatedly being impacted by
other monomers in turn, until a tiny fraction of these clusters reached a "critical size" of perhaps
30 or more monomers. At this size, each cluster could then grow into a cloud droplet in the presence
of sufficient water vapor.

Because of the nature of cluster growth by successive collisions of water monomers with
clusters already momentarily formed in the vapor, kinetic theory predicts that each successive cluster
size must of necessity represent a smaller fraction of the total vapor than does the next smaller
cluster size from which it was formed by collision with a monomer. That is, the fraction of clusters
of size "c" monomers could be represented by a Boltzmann-like distribution:

nc AF
- = exp --- (1)
nt k0

where nc/nI is the fraction of c-sized clusters in the vapor (monomers, c = 1), k is Boltzmann's
constant, 0 is the absolute temperature, and AF is a nucleation energy term. This is a complex
function of cluster size and other parameters, including the temperature and saturation ratio, "s"

which is defined as %RH/100. This interpretation survives in modern homogeneous nucleation theory, 4

where AF is the familiar free energy of nucleation and varies with c in such a way that the dimer
(c = 2) is the most populous cluster fraction (n2/nl), followed by the trimer (c = 3, n3 /n I ) etc.,
until the least populous fraction, n., corresponds to a cluster size c. just large enough to permit
droplet nucleation and growth.

But even Wilson 2 ,3 did not observe results compatible with kinetic theory as reflected in
modern homogeneous nucleation theory. 2' 3 Instead, he found huge populations of large, electrically
neutral clusters and much smaller populations of singly charged clusters (which he later called "ions")
always present in the saturated water vapor in his cloud chambers, By suddenly withdrawing the
piston in a cloud chamber and causing adiabatic cooling to occur, Wilson saw droplets when the vapor
was cooled to a final temperature where it could hold only one-fourth or one-fifth of the vapor that
it could hold at the starting temperature. He observed two kinds of condensation; the first, which he

called "rainlike," occurred at slightly smaller piston displacements, and the second, which he called
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"cloudlike." The rainlike droplets, of which there werV i100 per cm 3 , were formed around ions as
predicted by the Thomson equation. 1 The cloudlike droplets, which he knew to be electrically
neutral, perplexed him because there were >108 of them per cm 3 , they were much smaller than
the rainlike droplets, and theory indicated that they had grown from cluster nuclei about three times
larger in radius than the known molecular radius of water monomers. Knowing nothing about hydrogen
bonding and constrained by the kinetic theory c[ gases, Wilson said:

".. . it is difficult to account for the immense number of these nuclei,
otherwise than on the view that they actually are simply small aggregates
of water molecules, such as may come into existence momentarily through
encounters of the molecules... On this view the dimensions of the
molecules cannot be small compared with 6 X 10"8 centimeters.

Wilson even suggested that the monomer radius might be in error by a factor of three!
The concept that liquid water, which is almost completely hydrogen-bonded at normal atmospheric
temperatures, 5 could produce vapor phase clusters at the evaporation boundary layer was completely
foreign to Wilson. He therefore had to consider his observations as evidence of "supersaturation," even
though in actual practice the rate at which droplets were produced in his cloud chambers could have
been more a function of the rate at which he cooled the air by expansion, thereby producing
condensed liquid water in his "nuclei" (clusters), than anything else. Also, for the near-ambient starting
temperatures used by Wilson, four or five times the saturation vapor pressure (where s = 1.0) is
required to provide enough water vapor to grow droplets large enough to be detected by optical
means.6 By Wilson's reckoning, this meant that "supersaturation" between s = 4 and s = 5 was
required.

An elaborate formalism evolved from the classical physicists' assumption that only
"supersaturation" of water vapor could account for observed water cloud nucleation phenomena. This
formalism has evolved into cloud micro-physics and nucleation theory as it exists today. Still, cloud
micro-physicists work with what is more of an art than a true science. Precise quantitative data are
difficult to reproduce, and predictive modeling is unreliable. When hydrogen bonding of water was
discovered7 and the elaborate clustered structure of liquid water began to be appreciated, including
beautiful geometric "clathrate" structures, 8 apparently no thought was given to the possible impact
of these discoveries on existing kinetic models of liquid water evaporation and of water vapor produced
by evaporation. It was recognized, however, that evaporating liquid water shows very poor agreement
with kinetic models that work almost precisely for unassociated liquids. 9

These discrepancies might have gone unrecognized indefinitely were it not for observations
of a seemingly completely unrelated phenomenon anomalous infrared absorption by atmospheric water
vapor. Gradually it was realized that the infrared "continuum" absorption observed between monomer
lines in so-called atmospheric "window" wavelength regions could be due to hydrogen bonds in neutral
water cluster distributions in moist air that absorb strongly as these wavelengths. 1 0-14 Infrared
emission studies of wet cooling steam1 S,16 in particular show excessive emission that can only be
attributed to cluster activity. Clusters also seem to affect electromagnetic radiation at longer wavelengths
extending to millin" ,er and microwevelengths, especially when clouds or fogs are present to ensure
jntima, vaor/5  j,, contact that enhances evaporation and recondensation. 1 7 Liquid water has an
infrared "- ty ,absorption coefficient) that is 103 to 104 times greater than that of water vapor, 18

suggesting that the vapor could contain fractions of clusters of all sizes totaling 10-4 to I0-3 of the
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monomer, or even more since the infrared continuum absorption is often 10 to 100 times larger than
the absorption which can be attributed to the monomer between its strong absorption lines. 19 This
seemed to indicate that, especially in hot damp air such as that containing saturated steam, nearly all

of the vapor in contact with evaporating liquid water could be clustered. It was also found that the
infrared continuum absorption of water vapor or moist air can be modeled almost precisely by an
expression containing the dissociative equilibrium constant ("ion product") of water and the saturation
vapor pressure at the temperature of interest.) I But infrared calculations showed: (1) that the popu-
lations of neutral clusters needed to account for the infrared absorption were far larger than those
predicted by homogeneous nucleation theory4 but agreed with populations of these species reported
by Wilson, 2 ,3 and (2) that the clusters must be large with typical mean sizes of c = 20-30 monomers,

v not dimers, trimers, etc. Again, this essentially agrees with Wilson's observations.

2. THEORY

2.1 Beginning with infrared data, the author has studied the problem clustering in water vapor
over a period of about 15 years. However, a comprehensive theory to fit all observations could not
have been developed without the aid of all of the experimental results described in this paper. Now
the theory appears to be complete. The following discussion presents the essential elements of the
new theory, followed by a presentation of experimental results to justify these elements.

2.1.1 Water vapor in contact with liquid water at equilibrium always contains huge populations
of large neutral water clusters (sometimes called "embryos," as in homogeneous nucleation theory)
that are produced by evaporation. These clusters are the "nuclei" that Wilson observed, that grow
more than 108 per cm 3 of optically detectable droplets when provided with enough vapor to condense
on them by cooling to a lower "critical temperature."

2.1.2 These neutral clusters dissociate or otherwise acquire charge in a ratio on the order of
<100/>108, according to the ion product of water, to form the ions that also were observed by
Wilson and accounted for his rainlike condensation.

2.1.3 The amount of water vapor added ("supersaturation") is not really added at all, but is
simply that excess amount of vapor which exists at the low temperature after cooling and is available
to grow droplets to optically detectable size if the "critical supersaturation" point is reached or
exceeded after sufficient sudden cooling of the vapor.

2.1.4 For the following reasons, there is no such thing as supersaturation of water vapor except
at extremely low levels (fractions of one percent): saturation vapor pressure is a fundamental
equilibrium property of water, and all excess vapor will almost immediately condense on nuclei in
the air and on surfaces. Thus, by definition, the "critical (super)saturation" becomes s = 1.0. and
"supersaturation" phenomena simply are temperature phenomena; i.e., the dropping of the temperature
of moist air, thus forcing condensation.

2.1.5 The neutral clusters cannot be detected and measured directly except by condensation in
a cloud chamber and growth to the cloudlike droplets such as was observed by Wilson, but their
properties can be quantified by a number of modern techniques:

9
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a. Mass Spectrometry. 1 0

It is assumed for purposes of discussion of the experimental results presented here that
the ion source, e.g., a 13emitter, simply dissociates or charges existing clusters, rather than "building"
clusters from monomers on ions. The latter technique is, of course, widely known and is extensively
used to study the energetics of hydrated ions of all kinds; nothing contained in the present discussion
has a negative impact on this technology in any way.

b. Infrared Absorption and Emission Spectroscop.

This was the basis for first investigations of the new cloud physics theory. More about
this will be said in the remaining discussion.

c. Electrical Conductivity.

Measurements of moist air, if it is assumed that the neutral clusters in the vapor phase
dissociate to a small extent (which can be greatly enhanced, e.g., by a 1-radiation source) into ions.
or become charge carriers, by reactions like:

(H2 0 )c+d+l = (H+)(H 2 0)c + (OH')(H20)d (2)

or:

HX(H 2 0) c = (H+)(H20)c + X (3)

where X- can be a negative ion or an electron, perhaps dislodged by the enhanged electron bom-
bardment provided by a 1-radiation source.

d. Other Techniques.

These include studies of neutral cluster models and their expected frequencies and modes
leading to electromagnetic radiation interactions, 13 ,14 and thermodynamic studies that can demonstrate
agreement between cluster theory and observed thermodynamic properties of water. 13 Obviously, the
latent heat of vaporization/condensation is especially important.

The elements of the new theory lead at once to some intriguing results. Because by definition
. here the "critical saturation" is s = 1.0 for condensation, the so-called "critical supersaturation" is given

exactly by:

In (S)crit = (-1 (4)

where 373 is the boiling point (*K) at 1 atmosphere. Thus when 0 = 373 in equation 4, In (S)crit
becomes zero in the Thomson equation: 1

R~u2T dT
RO In (s)crit = - + - (5)

M r dr

where T is the surface tension, r is the cluster or droplet radius, a is the density of liquid water,

10
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R is the gas constant, and M is the molecular weight. At the boiling point, the elusive term dT/dr
in equation 5, becomes simply:

dT 2T
(at the boiling point) (6)

and, presumably, dT/dr can be found for other conditions as a function of AF (equation 1) and
other classical parameters. Wilson and many other workers since Thomson have taken dT/dr as zero,
since they did not know how to characterize it. But this analysis suggests that dT/dr is the key to
the true behavior of water. An approximation widely used in cloud physicsl is:

In (S)crit = (7)

"K" in equation 7 is troublesome because it is not constant, but keeps changing. However,
in the new theory, equation 4 is exact.

Because of the author's assumption that (S~crit cannot exceed approximately 1.0,
equation 4 is clearly misleading. If a temperature interpretation rather than a "supersaturation"
interpretation is to be given to the nucleation of water droplets, then "critical" conditions should
correspond to a temperature "barrier" condition which is the reciprocal of that shown in equation 4,
namely,

5/2

In (SWbarrier ] (-3) (8)

where equation 8 can be used with the standard tables of saturation vapor pressure for water to
yield curves showing how the "barrier" might be interpreted. If further assumption is made that atthe. boiling point all vapor in the atmosphere in contact with liquid is completely clustered, then a

new term for the fraction of the sum of all clusters of all sizes in water vapor, (nc'pv' can be defined
* such that:

S(nc) at boil-

(nc)v 2 1.0 (9)
nI ing point

and

P (S) (Poo)
A(ne)v = v  760 (10)

where 760 torr is the saturation vapor pressure at the atmospheric boiling point, p 0 is the saturation vapor

pressure at some temperature 0 where "s" is specified, and Pc (torr) is the partial pressure of all

.I1
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vapor that Is clustered under given equilibrium conditions. Defined in this way, (nc)v thus is the
pressure fraction of cluster in water vapor. Equations 8 through 10 allow figure I to be constructed.
The fine, near-vertical dashed line to the right of figure 1 will be discussed later. The interpretation
of figure 1 is as follows:

In figure 1, (nc)v is plotted vs the saturation ratio, s, for several temperatures. The
temperature curves (equation 10) have the slope (s)l . From equation 8, the barrier curve is constructed.
This is the heavy diagonal line on which the points representing temperatures used in its calculation
are displayed. Thus, (S)barrier represents the sobsaturation corresponding to a given temperature at
I atm whe& "critical subsaturation" must occur. Now we must explain the physical significance of
this curious concept.

BOILING
POINT

- VAPOR 0

101 LIQUID

0U>

CL
I"1 0

10.

go .." ()CRIT

10-3
o

-b0  VICE

0.01 0.03 0.1 0.3 1.0
(s)

Figure 1. Fraction of Clustered Molecules in Water Vapor, (nc)V' Vs
Saturation Ratio (s = %RH/I00) for Several Temperatures

This is the phase diagram of neutral water clusters in the vapor.

.41
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If the total number of clusters comprising the neutral cluster population per cc of vapor
is designated Ncc, and the average size representative of all neutral clusters in the population is
designated cu , then the cluster fraction on the ordinate of figure I corresponding to a given
constant-temperature curve will be:

(Ncc) (Cu)
(nc)v = N (1)

where N is the number of monomers per cc and is easily calculated from the gas laws. Figure 1 shows
that as saturation ratio increases at constant temperature, (nc) v also increases with a dependency (s) 1.
Since N, also increases with an increase in (s)1, this implies that the product (Ncc) (cu) actually has
an (s) 2 dependency. Indeed, combining the gas law with equation II yields:

K (Ncc) (cu ) 0 M(nc)v = -(1 2)
s pO NA

where NA is Avogadro's number, and combining again with the right-hand part of equation 10 yields:

K (s.pO) 2 NA(Ncc) (Cub = (13)
GM

Equation 13 is interesting for a number of reasons, but primarily because the infrared
continuum absorption is attributed to the hydrogen bonds in vapor-phase neutral water clusters.1 0

The number of infrared-absorbing hydrogen bonds per cc of vapor thus would be the product (Ncc)
cu), times a factor which represents the ratio of hydrogen bonds to monomers in an "average"
cluster, lying almost certainly in the numerical range -1 to 3/2. It is well known that the infrared
continuum absorption has a direct pressure-squared dependency and an inverse temperature dependency.
This is precisely the behavior that would be expected from equation 13.

It is therefore clear that the product (Ncc) (cu) increases as ()2 increases in figure 1,
as one moves to the right along a constant-temperature curve. Even before the barrier curve is
reached at "(')barrier" (equation 8), we must try to sort out how (Ncc) and (cu) vary with respect
to one another in order to give their product as shown in equations I through 13. One way to do
this is to go directly to measurements by mass spectrometry of the neutral clusters present in the
population under given conditions, assuming that the assumptions stated earlier are at least reasonably
valid, i.e., that a P-radiation source, for example, will greatly enhance cluster dissociation into ions
(equations 2 and 3), and that the ion mass spectra will give at least some idea of the nature of the
neutral cluster size distribution in undisturbed moist air under given conditions. When mass spectra
are taken for H+(H20)c species at temperatures around 99°-1000 C, like those in equations 2 and 3,
near-Gaussian distributions of cluster sizes, c, are found which shift toward a smaller c with decreasing
values of s, as shown in figure 2. The near-Gaussian distributions seem to justify the use of an
average size, which now becomes a mean size, cu, which is representative of the cluster size distri-
bution in equations I I to 13. At cluster sizes favoring clathrate formation,8 larger populations
smoothness of the distributions, unless one attempts to use saturated vapor samples warmer than
84°C, to be heated to 99*-O00C to obtain mass spectra. For example, in figure 2, the distribution
is smooth for the 417 torr sample ( pO at 84 0C) which when warmed to 100*C gives a saturation

13
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ratio s = 1.0.10 But when warmer saturated samples are heated :to 100WC, it 'is found that the spectra
begin to disintegrate at values of c -47. This is consistent with the idea in figure 1, that the point
at s = 1.0 and 1000C corresponds to the conditions necessary for the formation of a critically sized
droplet, c* -47, precisely as predicted by our formulas, under which the critical saturation is always
s=.

p 417mm

(s) 0.55

'.9.9..

C4

U-. p = 355mm

Z 0, (s) 0. 47
LU

I

, p = 289mm

;, ,u(I) = 0.47

4j 0.3

(21) 25 30 35 40

(c), CLUSTER SIZE
Figure 2. Mass Spectra of Ions H+(H20)c in Moist Air

for Several Saturation Ratios at 99*C

When other mass spectra are taken, starting with a saturated moist air sample at room
temperature and heating it at constant partial pressure to temperatures approaching 1000 C, it is
found that the peaks or mean sizes, cu , of spectra like those in figure 2 shift through wide ranges of

14
... 4:"". -" ":','--." :" ":.:.". " - :" :.:".. , --.- : ';:.- ; ': .' ": :",."" -



cu as s becomes small. Some results obtained by heating saturated moist air from 28°C to 96°C are
shown in figure 3.10 Also shown in figure 3 are the constant temperature data from figure 2 and
three other similar spectra (circular points), with the constant vapor pressure data (triangular points).
A "knee" occurs in the solid curve of figure 3 at about r = 0.2, which will be discussed later. A
comparison of figure 3 with fl,ure 1, for similar temperature and saturation ratios, thus allows some
estimate to be made of the contribution of cu to the product (Ncc) (cu ) and of values of Ncc under
these conditions, using equations 1I through 13. In general, it is found that values of cu can be
represented by nearly vertical lines that can be drawn on figure 1, with values ranging from cu = -10
above s = -0.03, to cu = -15 above s = -0.15. But as the barrier curve is approached, the situation
becomes confused and the cu values seem to "squeeze together" in ways still being investigated by
the author until, by some mechanism, the critical cluster size for droplet growth is reached. At
1000 C, c. -47 for the condensation boundary, which of course is at s = I and is the right-hand
solid line so labeled in figure 1

U

0
LL -

LU .t 41I--
N 90 60 51
V) LU 70

10 -80
Z1 96

LU-I KEY:

" -- 0 CONSTANT TEMPERATURE, 99-100°C

-9 A CONSTANT VAPOR PRESSURE, HEATING FROM 280C
D AT s 1 TO TEMPERATURE IN °C SHOWN NEAR POINTS
U.'

0.01 0.1 1.0

SATURATION RATIO (s) = %RH/100

Figure 3. Mean Size, cu, of the Neutral Water Cluster
Distribution Inferred from Measured Ion Mass Spectra,

vs Saturation Ratio, for Constant Temperature of

4.

15
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Before proceeding with a further discussion of figure 1, we should, discuss briefly the
reasons why the ion mass spectra like those in figure 2 give' sch excellent agrieement with the neutral
cluster distributions that are known to be necessary to account for observed infrared continuum
spectra and other phenomena. This agreement suggests that the neutral clusters merely serve as change
carriers or lose only a small portion of their original mass (perhaps an OH" group or even an electron)
during the supposedly rigorous process of being a-irradiated, forced through a tiny orifice into a high
vacuum and instantaneously "frozen" to extremely low temperatures. Until recently the author was
still attempting to resolve differences between classical kinetic theory and experimental observation,1 0

arguing that if large neutral cluster distributions were present in moist air, they could not have gotten
there by simple evaporation of the liquid, but by a more conventional route. This "accepted" route
consisted of ions in the vapor causing monomers to be clustered to some mean size cu, after which
the charge was almost instantaneously lost, such that the resulting hydrogen-bonded leutral clusters,
having much longer half-lives than the parent ions, were far more populous than the'ions at any
instant in time. Elaborate experiments were designed to test this hypothesis2 0  that 'ttempted to
show that ion-induced neutral clusters could be generated in moist air using intense corona discharges,
and thus enhanced the infrared continuum absorption as measured in a sensitive folded-path optical
cell. These experiments produced no results and, like classical speed-of-light experiments, finally
convinced the author to look at things from the other direction, that is, that the neutral clusters
came from the evaporation of the liquid, not from the association of monomers. This also resolved
the troublesome question of how such beautifully smooth and Gaussian mass spectra like those
shown in figure 2 could be obtained by ion-induced clustering of monomers and charge neutralization.
especially since the observed size distributions were peaked and had no Boltzmann-like skew whatsoever
(equation 1).

Another interesting observation is that when equation 4 is solved for the lowest tem-
perature for the equilibrium of vapor over liquid water (257°K), it produces a value of "(S)crit" =
4.65, precisely in the range of values cited repeatedly by Wilson for condensation of droplets on
neutral clusters or on their dissociative ions. Since this is the lowest vapor-phase temperature attainable
for clusters evaporated from liquid water, it would seem to set a lower limit on "freezing" of these
clusters even when subjected to extreme drops in temperature such as those found in expansion jets
or expansion through orifices such as those used In mass spectrometers. The ion spectra (figure 2)
might therefore be a far better representation of the sampled neutral cluster distributions than might
otherwise be expected. 2 1,22 And indeed, infrared and other data do indicate that the cluster
dependencies are almost precisely those seen in the ion spectra,1 0 as has already been noted here.

Returning to figure 1, it is clear from this phase diagram that water vapor at some
temperature (diagonal constant-temperature curves) that is gradually humidified will reach the barrier
curve. For example, this occurs at (scrit =-0.3 at 00 C, for which case (nc)v = -10- 3 (an excellent
value of (nc)v, incidentally, to account for observed atmospheric infrared continuum absorption levels
of water vapor near O°C and at moderate humidities). If one moves along the 0°C line in figure 1 to
the proposed barrier curve, one encounters a barrier to nucleation that otherwise would have occurred
by following the extended (dashed) 00 C curve to the condensation line at s = 1. But the barrier has
been encountered at a point that is still below the equilibrium value of (nc)v at 0°C and s = 1 by
the amount indicated by the bracket labeled "(s)crit" to the right of the condensation line in
figure i. How is the saturation 1.0 (condensation) condition reached to produce droplet growth, from
the point s f -0.3 and 0 = 0 0C? There are two ways.
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First, if the sample happens to be in an adiabatic expansion cloud chamber, the piston
can be pulled out to provide the temperature drop necessary to overcome the nucleation barrier. The
horizontal dashed line to the right of the OC point in figure I shows that at constant partial pressure
this could be accomplished by expanding the sample enough to drop the temperature to about -130C.
The final conditions that must be met after expansion at constant partial pressure are easily deduced,
using equation 8, from which:

(P°)final = (P° 0 exp I- C37335/2 (14)

where 0 is the barrier (starting) temperature from which nucleation will proceed to the final tem-
perature. In the example given here, the barrier (starting) temperature is 0 = 2730 K where p0273
is 4.58 torr. The calculated saturation vapor pressure for the final temperature at s = 1.0 from
equation 14 is pOf = 1.404 torr, which according to the tables of saturation vapor pressure corresponds
to a final nucleation temperature of about -150 C. The slight temperature difference between -130C
for nucleation from figure 1, and -15°C from equation 14 can be accounted for by changes in the
mean size of the cluster distribution (cu ) during cooling, since cu is sensitive both to temperature and
to saturation ratio (see figure 3). Note that in the calculation of nucleation conditions from equation 14,
only temperature and the tables of saturation vapor pressure are used. "Supersaturation" is not a
factor in this proposed proces and, indeed, it need not exist at all. These are temperature phenomena.

Clearly, from equation 14, at the boiling point pOf = 760, critical conditions are attained
and free and continuous evaporation and recondensation occur between the vapor and the liquid at
equilibrium. Saturations of 0.99999+ exist in the immediate boundary layer of the liquid.9 The
condition is thus achieved that all clusters in the liquid (which is nearly completely hydrogen-bonded) 5

interact with all clusters in the vapor, and the result is that all vapor is clustered at the boundary
layer, justifying the location of the boiling point in figure 1, opposite (nc)v = 1.0.

The second way in which a constant-temperature vapor sample reaching the barrier curve
in figure 1 can attain its equilibrium partial 3ressure and corresponding (nc)v is fairly obvious. The

* product of neutral cluster population per cm and mean cluster size must begin to increase at an
accelerated rate with increasing "s." That is, the product (Ncc) (cu) in equations 11 to 13 must
increase by following the barrier curve abruptly upward to the final equilibrium partial pressure which
corresponds to that value projected on the s = 1 condensation line, where it is intersected by the
extension of the constant temperature curve (dashed in figure 1) for the constant temperature existing

under the conditions of interest. The interpretation of this is that accelerated cluster growth begins at
that temperature and value of "s" corresponding to the proposed nucleation barrier. Truly, this would
be the beginning of "droplet" growth with the caveat that critical cluster size could be achieved for

droplet nucleation unless (1) the condition s = I could be achieved by some route, and (2) enough
excess vapor were available to grow droplets to a size large enough for optical detection.6 The
nucleation barrier in figure I mimics the dependencies upon s of the growth of water droplets at
higher humidities. To be sure, the neutral clusters must compete for available water vapor with larger
nuclei, including Aitken, continental, and maritime types which get a "head start" because the solution
droplets they form have lowered saturation vapor pressures and thus can be nucleated when s <1.
When an expansion cloud chamber is repeatedly recycled, the larger nuclei "rain out" and greater and
greater piston displacements are necessary to reach temperatures low enough to overcome the nucleation
barrier between the barrier curve and the vertical condensation line at s = 1 in figure 1. The last
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nuclei to be activated and grown into droplets are the ions of the neutral clusters, which require a
less extreme cooling because there is a subtractive ion charge term not shown in equation 5 for the
Thomson equation for ions I and, finally, the huge populations of neutral clusters are themselves
activated.

Even if clean water vapor is added during successive piston cycles of the cloud chamber
so that s = I prior to the final step of activating neutral clusters, the physical limit discussed earlier
still exists on the number of droplets that can be grown large enough for optical detection. 6 The
maximum temperature range over which any cloud chamber can be operated is between 100°C and
-16°C (figure 1). It follows from equations 8 and 14 and Carlon6 that the number of droplets per
cc that can be grown to radii barely large enough for optical detection, i.e., about 0.1 pim, has an
upper limit of about 109/cc, closely agreeing with the >10 8/cc figure reported by Wilson 2 ,3 that
accounted for his cloudlike condensation on neutral nuclei (cluste-s).

It is also found, apparently fortuitously, that the temperature dedpendency of the
nucleation barrier is given almost precisely by:

(nc)v barrier = exp 10.55 1 (3 )/ (15)

The 03/2 dependency of equation 7 is seen again, but in equation 15 it yields nearly exact values of
the cluster fraction at all temperatures, suggesting that exp 10.55 might represent a combination of
true constants of nature.

If one supplies heat or removes vapor, rather than adiabatically cooling a saturated vapor
sample beginning on the barrier curve shown in figure 1, he will produce conditions represented by
points to the left of the barrier curve. Saturated vapor at constant partial pressure, heated at 28°C
from the barrier curve to higher temperatures, serves as an example. These were the conditions for
which the triangular points were obtained in figure 3 corresponding to mean sizes of the cluster
distributions at each temperature and saturation ratio. Since figures I and 3 have the same abscissa,
the values of cu from figure 3 can be transferred to the appropriate locations on or between
constant-temperature curves in figure 1. The locus of these points is found to be a near-horizontal
line with a slight negative slope, for constant partial pressure, along which the mean cluster sizes are
rather uniformly spaced as sequential integers. Some typical values were discussed earlier.

There is a wealth of infrared data supporting the analysis presented here, and much of
it has already been referenced. 10 ,2 0 Bignell, 19 for example, found a "knee" and an upturn in data
of the infrared continuum absorption vs the saturation that is extrapolable to the knee in cluster
size shown in figure 3, where both of these effects presumably are connected with the barrier curve
in figure 1. Bignell repeated his measurements and concluded that his data were correct. Many
spectroscopists report a transition in atmospheric absorption for conditions correponding to those
near the barrier curve. The inference, of course, is that the fraction (nc)v of clusters in water vapor
produces absorption proportional to the numbers of hydrogen bonds in the clusters per cc, as was
discussed in connection with the product (Ncc) (cu) in equations I1 and 12. It is also found that
the dissociative equilibrium constant or "ion product" of water, Kw, can be used to describe the
temperature dependence of the infrared continuum absorption1 I rather precisely, for reasons that will
be discussed next.
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From equations 2 and 3, if the populations Ncc of neutral clusters are known (left sides
of these equations) and if the extent of dissociation is known, it should be possible to deduce the
populations of dissociative ions per cc, Ice (or at least of charge carriers per cc, if other mechanisms
are involved). Since the equilibrium ion product of liquid water can be measured quite precisely as a
function of temperature, and fince the vapor and liquid clusters become identical at (nc) v = 1.0,
when s = I at 100*C. the ion product could also describe the dissociation (or other charge-carrying
mechanisms) of vapor-phase neutral clusters. For example, the equilibrium ion porduct of equation 3
is:

a a -

Kw = H4(H20)c "  X f16)

where "a" is the molar concentration of either species. Thys. the ion product for each ion pair can
be given by 2 v'Kw. The dissociative water ion cluster population per cc, lcc, becomes:

Icc = 2 k V/1w (Ncc) (17)

where k is a coefficient whose value depends on parameters including cu and 0. cu also affects ion
mobility, and thus this development suggests a technique to measure cluster size and mobility. The strong
temperature dependence of Kw can be calculated approximately from a rewritten form of an equation
deduced by Holzapfel: 2 3

Kw = exp ( - 8.17 - 7156/0) (18)

The author has carried out very careful measurements of actual lcC's in moist air over a range of
values of s, including s = 1, using giant electrical conductivity cells of a new design that were
fabricated specifically for this work. 24 ,2 5 The cells are compensated for insulator leakage so that
measurements can be carried out to complete saturation. In fact, even in completely saturated moist
air, the ion populations in the air between-the cell plates are much larger than the populations on
the insulators. The cells and measurements using them will be described in the next section. Chalmers 26

gives mobilities of u = I - 2 cm 2 /V-sec for water ion clusters of assumed sizes c = 10 to 12, which
are much smaller than the ion clusters measured in our work by mass spectrometry (figure 2).
especially for conditions near the barrier curve of figure 1. An average value of u = 0.6 cm 2/V-sec is
found to give consistent results in the following discussion.

If one wishes to use figure I directly to study measured values of Icc for agreement with
the proposed theory, he must first correct the barrier curve for the strong temperature dependence of
V/kw as given in equations 17 and 18. This correction results in the nearly vertical, fine dashed curve
in figure 1 just to the left of the vertical condensation line at s = I. This fine dashed curve can be
thought of as the barrier curve for icc measurements vs s, although this is not strictly the case.

3. EXPERIMENTAL PROCEDURE AND RESULTS

In an earlier paper, 24 the author reported that untreated room air humidified by boiling
water could contain 106 to 107 /cc of singly charged, hydrated ions like H+(H2O)c for which size
distributions are shown in figure 2 for some typical conditions. Mobilities of about 0.6 cm 2 /V-sec are
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appropriate for these, although Chalmers' value of 2 cm 2/V-ie- was used in the earlier work.2 6 It

was also shown that these large ion populations could be maintained for an hour or more in closed
containers after water vapor generation by boiling water had ceased. The ions in moist air were

, measured by two cells, one a large analytical cell, the other a much smaller cell having an insulator
configuration identical to the large cell so that insulator effects could be studied independently as
functions of humidity and temperature and could be used to correct the data so that values of Icc
for the moist air only could be deduced. The large cell consisted of 40 parallel steel plates 41 cm
on an edge spaced L = 0.66 cm apart on rod insulators. The effective plate area was determined as
A = 6.6 X 104 cm 2 by measuring the electrical capacitance of the cell with an electronic impendance
bridge. The smaller cell had a much smaller effective area (A = 2600 cm 2 ), but the same plate spacing
(L = 0.66 cm). and is shown in figure 4. Together, the cells allowed very sensitive measurements to
be made of the electrical conductivity and, hence, of the ion populations Icc of moist air between
the cell plates over a wide range of temperatures and humidities, including humidities approaching
saturation (s = 11.

The original cells used insulators consisting of 8-mm-diameter resin-impregnated fiberglass
rods with nylon spacers (nuts) 0.66 cm thick, as shown in figure 4. These materials were selected for
their high electrical resistance, but were not the only materials tried over the 2-year period during
which experimental cells were built and tested. Teflon insulators were also tried but seemed to give

extremely troublesome surface effects and were abandoned in favor of the fiberglass rods which gave
reproducible results and shunting resistances (leakages), that were negligible compared to those of
typical moist air samples near ambient temperatures. The author's continuing work with both the
fiberglass- and Teflon-insulated cells finally led him to the realization that the latter were not giving
troublesome effects after all. In fact, they were simply giving accurate indications of phenomena that
were not understood prior to the present work, and the fiberglass-insulated cells did not show these
effects because they were leakier than the Teflon cells. The leakiness masked the phenomena reported
in the present paper, especially at humidities approaching 100% (i.e., s = 1). Therefore, for the work
reported here, the author used the original smaller cell refitted with Teflon insulator rods and the
original nylon spacers as shown in figure 4, paired with a new analytical cell of an idential Teflon
insulator configuration using the same nylon spacers. In the course of this work, it was found that
the new cell could be made smaller (20 cm on an edge) and thus lighter and more compact, while
still retaining excellent sensitivity. For this reason, the new Teflon-insulated cell, which also consisted
of 40 plates, had an effective area determined by the impedance bridge of A = 1.4 X 104 cm 2 while
retaining the plate spacing of L = 0.66 cm.

Recent results with the Teflon-insulator cell pair have shown that the electrical conductivity
of moist air is extremely dependent on its saturation ratio (s = %RH/100). These results also indicate

that boiling is not necessary to generate large ion populations, but that simple evaporation will suffice.
Studies of moist air and insulator conductivities simultaneously have shown unequivocally that the
electrical conductivity of moist air is a much more important factor than has been previously recognized
in space charge dissipation, especially in closed spaces. Accepted electrostatic theory2 7 attributes
certain phenomena to insulator leakage, such as the well-known humidity dependence of annoying
static-electric shocks received by people moving and touching objects in dry heated rooms in
wintertime. The electrical conductivity of moist air almost certainly explains these phenomena. Of
course. earlier workers in the field had no reason to suspect the existence of huge populations of
neutral water clusters in moist air, whose dissociative ions (equations 2 and 3) always exist when
water vapor is in equilibrium with liquid water (which act directly as charge carriers). The experimental
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evidence presented in earlier sections of this paper presents a strong case for this theory indeed., which
will be strengthened by the additional results reported here.

*? The plates of both Teflon-insulated cells are supported by four Teflon rods, 8 mm in
diameter, which are fitted through tle plates near their corners and carry the nylon nuts used as spacers.
A fifth set of spacers is carried on a length of Teflon tubing run through the centers of the plates
for the length of the cell to prevent plate warping. Alternating plates are connected to either of two
bus wires running the length of the cell (29 cm), somewhat in the fashion of an automotive storage
battery but, in this case, with moist air as the electrolyte. When air is dry, its ion content at room
temperature is typically <10 3 /cm 3 , and the electrical resistance (reciprocal conductance) of either
cell is >101 1 12. The sensitivity of the cells to ions in moist air between the plates is determined by
the "cell factor," or ratio of plate spacing (L = 0.66 cm) to effective plate area, A, in cm 2 . Thus,
the cell factor of the large Teflon-insulated cell is L/A = 4.7 X 10-5 cm"1, while the cell factor of the
smaller cell is L/A = 2.5 X 10-4 cm "1.This gives the two cells two different ranges of sensitivity,
which will be shown to be very useful at higher temperatures and when s = 1, where ion populations
lcc become enormous and the larger cell becomes saturated; i.e., it is too sensitive. Since both cell
factors are known and the differences in their conductivity data functions can be solved simultaneously
to determine the insulator leakage function, cell measurements can be made under conditions of com-
plete saturation at temperatures of at least 50C with high precision and repeatability. Repeated
experimental trials have shown that insulator leakage is not an important contributor to the overall
cell conductance, simply because under conditions such that the insulators become damp, the air
between the plates still contains a much higher ion population than is found on the insulators. Intuitively,
this makes perfect sense, since the insulator areas are miniscule compared to the cell plate areas expos, d

I] to the ions in the moist air between the plates. Therefore, the closer one comes to the boiling point
.1 at s = 1 by raising the temperature; the closer one will come to an identity of cluster structure and

ion product between the vapor and liquid phases of water!

Either of the Teflon-insulated cells can, in fact, be used without compensation for
insulator leakage under virtually all conditions. As will become apparent in the subsequent discussion,
when measurements of Icc are made at temperatures above 50°C at s = I, even the small cell becomes
too sensitive and still smaller plate areas are needed to make such measurements. The author is
presently fabricating a cell of the simplest possible configuration for sensitive measurements under
such extreme conditions. This cell will consist of only two plates, 15 cm on an edge and slip-fitted
onto a single 8-mm-diameter Teflon insulator rod through a hole near the center of one edge of each
plate. In this way the plate spacing, L, can be adjusted at will, and insulator leakage will be kept to
an absolute (and negligible) minimum. Thus the cell, or a set of similar cells set with different spacing,
can be hung in the closed container used for Icc measurements and measurements can be made up
to the boiling point.

The relationship between the ion population per cc of moist air, lcc, and other parameters
is given by: 2 4

L 10-6

lcc A Rmcgeu (19)

where L/A is the cell factor? Rmeg is the measured cell DC resistance in megohms, e is the value of
electronic charge (1.6 X 1 0-19 C), and u is the mobility of a typical ion of size cu, taken for much of this
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work to be 0.6 cm2 /V-sec. Equation 19 and values of L/A for the cells given earlier show that the
individual cell equations are:

4.9 X 108

Lag cell: IcC Rmeg (20)

!9
2.6 X 109

Small cell: cc = (21)., Rmeg

Because of the sensitivity of the cells, resistance can be measured by the unsophisticated
method shown schematically in figure 5. An 1 l-megohm input impedance vacuum-tube voltmeter
(VTVM) was placed in series with the cell under test and a regulated 0 to 400 vdc power supply so
that the source voltage Eb was divided between "E" across the 11 megohm VTVM load, and Ec across
the cell under test. The value of l/Rmeg for direct substitution in equations 20 and 21 is then given
by:

1 _ E (22)
Rmeg II (Eb - E)

andi it is even possible for a given source voltage setting Eb to calibrate the voltmeter directly in Icc
for a given cell, if such a calibration should be desired. For most measurements reported here,

F "I

,I I

SIAS I I
SOURCE I I
0-400 V ._ - CELLI

(Eb)

Figure 5. Schematic Drawing Showing Method of MeasL;ring
Cell Resistance with Vacuum-Tube Voltmeter

1b = 400 volts direct current, previously shown to have no effect on ion concentration. 2 4 The cells
were placed in the 83 X 62 X 65 cin test cabinet shown in figure 6, where the cell shown was the
large unit with fiberglass insulator with plates 41 cm on an edge (described earlier). The test cabinet
had Lucite walls 0.95 cm thick but the space within the cabinet was unaffected in any detectable way
by electrostatic charges on the walls which were, in any case, damp for most measurements and thus
unable to maintain surface charge distributions. The smaller cabinet, 30 X 32 X 32 cm, shown in
figure 6. was used in earlier work 24 for the generation of water vapor (steam) by boiling, but was
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kept closed off for the experimental trials reported here. The access ports in the front of the cabinet
were kept closed off during this work, and a muffin fan 10 cm in diameter inside the cabinet
provided internal air circulation when needed at a face velocity of 4 m/sec, but an average recirculation
velocity of moist air within the cabinet of 0.6 m/sec. Tests verified that the fan motor did not produce
ions in sufficient numbers to aff,ct the measurements. Except as noted, all trials for which data are
reported here were run with the moist air continuously recirculated by the muffin fan.

Two kinds of experiments were run repeatedly, for which general results are reported.
The first kind was designed to determine the maximum values of lcc that could be obtained at s = 1,
and thus would represent barrier curve conditions in figure 1. The second kind was designed to see
what functional dependencies of Icc vs s would be observed at near-ambient temperatures when liquid
water was simply allowed to evaporate in the closed cabinet, and to study the time histories of these
dependencies especially when the liquid water container was suddenly removed from the cabinet and
the ion population was allowed to decay, thus reflecting the decay of the neutral cluster populations
with which the ions were associated. In fact, dissociation into ions could be a primary mechanism by
which the neutral clusters gradually decay to their constituent monomers when liquid water is removed
from the closed system. This destroys the equilibrium between cluster evaporation and kineti, recon-
densation of clusters and monomers at the liquid/vapor interface (liquid surface), which accounts for
the cluster fraction (nc)v shown in figure 1.9 Without liquid water at equilibrium in the system, the
conditions of figure 1 simply are not achieved or maintained. The decay of neutral clusters in the
absence of evaporative replenishment is probably similar to the process in the following description:
the clusters dissociate into smaller clusters which quickly lose their charges, if any, leaving behind two
smaller neutral clusters in place of one original larger one. This brings the mean size of the cluster
distribution, cu' more into line with the existing saturation ratio and temperature. The .'-Jcess is
repeated until many small neutral clusters remain which have a small overall cu, but makQ a heavy
contribution to Ncc. Eventually some or all of the clusters revert tc monomers. nd the product
(Ncc) (cu) vanishes (equations II to 13).

For the first type of experiment, the procedure and results were as follows. With the
muffin fan continuously recirculating moist air within the closed cabinet, water was boiled in two
large glass beakers in the cabinet, each of which contained an immersion heater. B oiling was allowed
to continue for an hour or more, during which the condition s = 1 was assured because the only
heat added to the system was that from the boiling water. Enormous values of lce were recorded by
both cells, as is shown by typical data in figure 7 where populations approaching 101 0 /cc were
measured for temperatures above 50°C, at which point the measurements were discontinued because
both cells had such low electrical resistance that essentially the entire source voltage Eb appeared
across the voltmeter (E). It is for this reason tha the two-plate, single-insulator cells described earlier
are needed to continue the measurements to 100'C. Agreement between these measured values of
icc and the theory presented in this paper was excellent, as demonstrated by the following example.

Consider saturated water vapor at 40°C. From figure 1, for the 400C curve extrapolated
to s = 1, (nc)v = 0.07. From figure 3, cu can be estimated as 25 at s = I and 40'C. From figure 7,
the measured Icc = 7 X 108 at 40°C and s = 1. Therefore, from equation 17, using Kw which was
calculated from equation 18, Ncc = (1.9 X 101 5)/k, where k is the coefficient in equation 17. Since
N, = 1.7 X 1018, as shown in equation 11, it is calculated that k = 0.40. This result suggests that
if the assumption of ion pair production leading from equation 16 to equation 17 is incorrect, then
a value of k 0.5 would give precise agreement of all parameters, i.e., 2 X k = 1.0 in equation 17,
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and Icc = vl (Ncc) directly. Such agreement seems hardly likely to be fortuitous. Furthermore.
it is possible that the assumption of ion pair production is inconsistent in the methodology employed
in this paper, simply because the ( radiation source does indeed break off a tiny fragment or
"loose end," such as an OH molecule, which has such a high mobility compared to the H+( 2 0)c, evenwhen hydrated, that it does not -ontribute sir.ificantly to the measurement of Icc. It would be interesting
to see whether detailed calculations for the "ion pair" (H20)c+l- - H+(H 20)c + OH'. for example.
would show that the product 2 X k in equation 17 actually is unity. If so, this would also explain
why the ion cluster spectra of figure 2 concur so completely with the known properties of the neutral
cluster distributions. These observations seem to indicate that cloud physical calculations of heretofore
unimaginable precision might be possible using the new, quantitative theory presented here.

In figure 7, an extrapolation of the data curve, which is known quite precisely, as the
clustering of points indicates, shows that at 100'C and s = 1 a value of Icc= 5 X 1011 should be
approximately correct. When the single-insulator, two-plate cells described earlier are completed and
data for s = 1 at 500 to 1000 C can be measured, the author will communicate the results for
comparison with the extrapolated curve displayed in figure 7. Recall that the curve is based on an
assumed ion mobility of 0.6 cm 2/V-sec, and that the curve applies only at I atm total pressure.

The second kind of experiment will now be described. This was designed to study
growth and decay of lcc vs s under nearly ambient conditions.

Because the laboratory air was exceptionally dry (s = 0.25 to 0.30) during the winter
months of early 1981 when these trials were run, it was convenient to begin each series of measure-
ments by venting the cabinet to room air and measuring the starting lcc, s and 0 values. Untreated
laboratory air was used intentionally for these experiments so that the results might be used directly
in our applications. The Teflon-insulated cells have threshhold sensitivities in the range of a few
hundred ions/cc (Ic) when operated at low bias voltages like Eb = 400 vdc. It follows that ion
deposition and other ionic reactions which occur in the normal atmosphere can account for 1 2 to
103 ions/cc, and are immaterial to the experiments described here, the results of which are attainable
onl) in the presence of liquid water in equilibrium with the vapor. This equilibrium can include not
only the existence of saturation vapor pressure at s = 1, but the equilibrium that exists at any s at
any instant between the liquid and the vapor in contact with it, that it is humidifying at some
evaporative rate. The rates, however, are immaterial in closed systems. But the decay times of cc
(and Ncc) after liquid water is removed from a closed system are very pertinent, because they show
how the length of time of last contact with liquid water affects the cluster content of water vapor
or moist air.

Conventional ion counters such as Gerdien tubes do not work well near s = I due to
insulator leakage and very poor cell factors. The author's Teflon-insulator cells overcame these
problems by obtaining good cell factors which compensated for insulator leakage, thus allowing
measurements which previously could not be made.

In the humidification experiments, one or more 400-cc glass beakers containing liquid
water were placed on the floor of the cabinet shown in figure 6, which contained the Teflon-insulated
cells resting on Teflon knife edges. Each beaker contained 200 cc of water and a wick consisting of
three 24- X 27-cm brown paper towels rolled and placed on end to carry water above the beaker
and into the airstream (which averaged 0.6 m/sec velocity when the recirculating muffin fan was in use)
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to enhance evaporation. Slow humidification and near-equilibrium conditions were achieved with one
beaker in the cabinet, and fast humidification at some cost to equilibrium with three beakers.
Saturation ratio was measured by a pair of matched wet-bulb thermometers, and a precision electronic
thermometer probe (dry bulb), placed near the beaker(s).

Because cluster and ion phenomena being investigated here are temperature phenomena
and not saturation phenomena, the measurement of saturation ratio in these experiments was not
critical, for reasons that were discussed earlier, and unsophisticated techniques could be used,
for example, simple wet and dry bulb thermometers. The values of Icc vs s, as will be shown. always
have similar functions. If the humidity is known within a few percent, it does not affect the results
appreciably. After periods which could last several hours at room temperatures, even small amounts
of liquid water in the cabinet, which was closed off to room air and usually had the recirculating
fan running, could support respectable neutral cluster and ion (charge carrier) populations by their
evaporation. The evaporation rate is, of course, slow for small sources of liquid water, and recirculation
of the moist air using the fan increases the evaporation rate, as would be expected. Sophisticated
experimental technique, such as mounting a thermostat in the cabinet, was simply unwarranted. In
fact. all of the ion measurement experiments described here are simple and reproducible, and they
can be carried out with uncomplicated equipment because the theory underlying the phenomena
which these tests are designed to investigate apparently can now be understood.

Some typical experimental data on humidification are shown in figure 8. These data are
for two trials on different days. The 26*C and 29°C temperatures were essentially constant. The solid
curve with arrowheads and circular points shows the function of Icc vs s, as humidification took place
during a 130-minute period with three beakers, wicks in the cabinet, temperature held at 29°C, and
the fan running. For comparison, the dashed curves show the effect of drying of humid air and then
rehumidifying it. In this test, only one wick and beaker were used, but a puddle of water 20 cm in
diameter was also present on the cabinet floor to simulate standing water. Starting at the solid point
where Icc = 2 X 105 ions/cm3 and s = 0.77, the air was dried to s = 0.36 over a period of 8 min-

--' utes by venting the cabinet to room air- the ion count fell to 2.5 X 104 /cm 3 . The vent was then
.' closed, and the recirculating 260 C air was rehumidified by evaporation sources. The curve on figure 8

now begins to pass through the solid point from which it.started and continues upward along a
diagonal, which as the reader probably suspects by now, is very similar to the fine nearly vertical
dashed curve between the proposed barrier and condensation curves of figure 1: as previously discussed,
this is the proposed barrier curve corrected to Icc due to the extreme tempreature dependency of

I: the dissociative ion product of water (equation 18).

At values of s to the left of the barrier in figure 8, Icc in these experiments had
'.i. dependencies on s ranging from (s)l to (s)2. This is consistent with the new theory presented earlier

in this paper. Then, at some point approaching the barrier conditions (at an s dependent on the
temperature 0), the functions would reach a "knee," as can be seen in figure 8. Note that once they
merge the curves climb together with the slope of the dashed icc curve in figure 1, which can be
approximated by (s)1 1. It is clear that if humidification were carried completely to "hard" saturation
at s = I, values of Icc shown in figure 7 for temperatures of 26°C and 29*C would be expected.
Thus. even the large ion counts attained by evaporation and exceeding 106 /cc, as shown in figure 8,
were still 20 to 50 times smaller than their maximum possible values at full saturation.

28



107

106 -

. 105  ,.\.

p.

104 -

--- -- 29 'C
- . 26C

3I

10

0.4 0.6 0.8 1.0

Figlure S. I.. Ion Population Per C'"ic Centimeter. vs Saturation
Ratio for Experimental Trials .,n Two Different Dayvs

.- "



Figure 9 shows the time history of the data presented in figure 8, plus additional data
taken at 29°C after the beakers and wicks were abruptly removed from the test cabinet, which
ensured that no liquid water was in contact with moist air to replenish the neutral cluster population
by evaporation; hence, the equilibrium dissociative ion population (Icc) began to decay. The dashed
curve for 26*C descends rapidly in the first 8 minutes as the air was vented to dry room air (also
shown by the "dry air" curve in figure 8). The curves then ascend together with a time constant for
I - I/e (or 63.2% of final value) of approximately - = -150 minutes, reflecting the evaporation rates
that existed in these particular experiments. At an elapsed time of 130 minutes, corresponding to the
removal of all wicks and liquid water from the test cabinet, the 29°C (solid) curve in figure 9 begins
to decend as the ion population decays. This is not a drying process, however, and should not be
confused with the exercise of venting the cabinet to room air, described previously. While some
moisture is lost over a period of hours (see "s" notations below the right-hand curve portion in
figure 9), some of this probably can be accounted for by the ionization processes themselves. For
example, keeping the bias (Eb = 400 vdc) applied to the cells continuously, as was done in these
experiments, helps to deplete ions which would otherwise contribute to Icc. Other experiments showed
this depletion to be about 20% of the Icc value that would be measured otherwise. This would
represent a very small correction to figure 9. However, this depletion also means that the depleted
ions must be made up from the remaining water vapor since the liquid evaporative source of new
clusters is no longer present. This could result in a more significant correction to the curve in figure 9.
As a precaution. the author has recently adopted the precaution in these measurements of attaching
electrical connection to the cells (i.e., to the voltmeter in series with the power supply (bias source)
as in figure 5) only at the moment of measurement. The decay time constant shown in figure 9 is
approximately r = 40 minutes, and this order of magnitude is consistent with the decay time of

spurious (cluster) infrared emissions from cooling steam. 16

4. DISCUSSION AND CONCLUSIONS

Taken individually, the elements of the proposed new cloud physics (or midrophysics)
theory presented in this paper can, in some cases, be explained or rationalized by traditional or
classical models of the phenomena that they describe. But taken collectively, the proposed theory
seems self-consistent and quite precise so that it should be given serious consideration. The traditional
models of cloud physics have been accepted for so long that they have not been seriously questioned
for years. After years of acceptance, it is difficult to believe that they could be misleading.

But there is a powerful counter-argument to this unassailability. Why was dT/dr taken as
zero in the Thomson equation? Why was it assumed that only monomers evaporate from liquid water
according to kinetic theory even though C. T. R. Wilson saw evidence of large clusters even in his
earliest work? When hydrogen bonding was discovered, why was there no reexamination of its impact
on classical cloud microphysics? Why are the absurdly small populations of neutral clusters that are
assumed by homogeneous nucleation theory to have been grown by molecular collisions thought to
explain water droplet nucleation? Wilson knew before the turn of the century the more likely and
intuitively satisfying state of things: the large neutral cluster "nuclei" in huge numbers are already
there in the vapor. How can "supersaturation" exist if saturation vapor pressure is a physical constant
of nature at any temperature? Why, in 1983 are we still trying to fit experimental data obtained
from marvelous instrumentation into a 100-year-old theoretical framework that was based on largely
wrong assumptions and missing information to begin with? Certainly, that missing information must
include the extensive hydrogen bonding of water.
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S... 

. . ..

.. Like the reader, and probably more so, the author feels the weight of the implications ofthe research reported in this paper. It is heretical to be sure, but the author concludes that traditionalmodels of cloud microphysics may be incorrect, that nucleation may be a temperature phenomenonand not a "supersaturation" one so that cloud nucleation can occur in completely clean moist airsimply by cooling it to its nucleation temperature, and that the formalism and measurement techniques
set forth in this paper can be applied anywhere by aiyone with the expectation of supportive results.

The reader will have to choose for himself.
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